Abstract Ni-free Ti-based shape memory alloys, particularly Ti-Nb-based alloys, have attracted increasing attraction since the early 2000s due to their wide application potentials in biomedical fields. Recently, there has been significant progress in understanding the martensitic transformation behavior of Ti-Nb-based alloys and many novel superelastic alloys have been developed. The superelastic properties of Ti-Nb-based alloys have been remarkably improved through the optimization of alloying elements and microstructure control. In this paper, in order to explore and establish the alloy design strategy, several important issues in the development of Ti-Nb-based shape memory alloys are reviewed. Particularly, the effects of alloying elements on the martensitic transformation temperature and the transformation strain are analyzed. The effects of omega phase and texture on the superelastic properties are also discussed.
Introduction
Over the past decade, there has been significant progress not only in understanding the martensitic transformation behavior of Ti-based alloys but also in developing novel biocompatible shape memory alloys [1] [2] [3] . In binary Ti-Nb alloys, superelasticity has been reported to occur when the Ni content is in the range of 26-27 at.% [4, 5] . However, the superelastic properties of Ti- (26, 27 )Nb alloys are not good enough, particularly in terms of recovery strain, when compared with practical Ti-Ni superelastic alloys [5] . The superelasticity of Ti-Nb alloys is associated with the stress-induced martensitic transformation from the parent (b) phase to the martensite (a 00 ) phase and its revision. It has been concluded that the small recovery strain is mainly due to the intrinsic small transformation strain of the b-a 00 transformation. [3, 5] . Another drawback of Ti-Nb alloys to be mentioned is low critical stress for slip. These drawbacks have prompted researchers to develop new alloys. Many kinds of Ti-Nb-based alloys have been developed to date, e.g., Ti-Nb-Sn [6] [7] [8] [9] , Ti-Nb-Al [10] [11] [12] , Ti-Nb-O [13, 14] , Ti-Nb-N [14, 15] , Ti-Nb-Mo [16] , Ti-Nb-Pt [17] , Ti-Nb-Pd [18] , Ti-Nb-Ta [19] [20] [21] [22] [23] , Ti-Nb-Zr [24] [25] [26] [27] [28] [29] [30] [31] , Ti-Nb-Ta-Zr [32] [33] [34] , Ti-Nb-Mo-Sn [35] [36] [37] [38] , Ti-Nb-Zr-Sn [39] [40] [41] [42] [43] , Ti-Nb-Zr-Al [44] , and Ti-Nb-Zr-Mo-Sn [45] . Through these efforts, superelastic properties have been significantly improved over the last 10 years. However, the influence of alloying elements on the martensitic transformation characteristics has not been fully elucidated. There have been only limited quantitative studies to assess the effect of alloying elements on the crystal structure of martensite phase, transformation temperature, and transformation strain. In this paper, several important issues in the development of Ti-Nb-based shape memory alloys are reviewed in order to establish an alloy design strategy for biomedical superelastic alloys. All the compositions mentioned in the paper are given in at.%.
Transformation Strain and Transformation Temperature
One of the critical issues that need to be addressed is the transformation strain because the shape recovery strain is intrinsically dependent on the transformation strain. The transformation strain induced by the martensitic transformation is determined by the lattice strain (Bain strain) and lattice correspondence. Figure 1 shows the lattice correspondence between b parent and a 00 martensite phases. The lattice correspondence is expressed as follows:
The lattice strains in three principal axes of the orthorhombic structure are calculated as follows:
where a 0 , b 0 ; and c 0 denote the lattice constants of the a 00 martensite phase and a 0 is the lattice constant of the b parent phase. Recently, the effects of composition on the lattice constants of the b and a 00 phases have been investigated in Ti-Nb binary alloys [5, 46, 47] and some ternary alloys such as Ti-Nb-Zr [48] [49] [50] , Ti-Nb-Ta [48] [49] [50] [51] , and Ti-Nb-Mo [16] alloys.
The composition dependences of g 1 , g 2 ; and g 3 are shown as a function of Nb content in Fig. 2a for Ti-Nb-Zr alloys and in Fig. 2b for Ti-Nb-Ta alloys [49] , respectively. It can be seen from Fig. 2a that g 1 and g 2 are of similar magnitudes but opposite signs, i.e., g 1 is negative, while g 2 is positive, implying that the martensitic transformation contracts the lattice in the ½100 b direction while expanding the lattice in the ½011 b direction. Figure 2a also demonstrates that the absolute magnitudes of g 1 and g 2 decrease with increasing Nb content, indicating that the lattice strain decreases as the Nb content increases. It is also noted that the addition of Zr decreases the transformation strains but the effect is much less pronounced than that of Nb owing to the fact that the lattice constants of the a 00 phase of the Ti-Nb-Zr alloys are less sensitive to Zr content. On the other hand, it can be seen from Fig. 2b that the increase in Ta content at a fixed Nb content remarkably reduces the absolute magnitudes of g 1 and g 2 .
The transformation strain is a function strongly affected by crystal orientation. Figure 3 shows ½001 À ½011 À ½ 111 standard stereographic triangles of the b phase [49] , representing orientation dependence of the transformation strain along the tensile direction expressed by contour lines. The results for Ti-10Nb, Ti-10Nb-20Ta, and Ti10Nb-20Zr alloys are compared to assess the effect of Zr and Ta on the transformation strain. The largest strain is obtained along the ½011 direction, while the smallest strain is obtained along the ½ 111 direction. The transformation strain along the ½011 direction of the Ti-10Nb alloy is calculated to be 8.3%, indicating that Ti-Nb alloys have the potential to exhibit a large recovery strain. The addition of Ta significantly reduces the transformation strain: the transformation strain of the Ti-10Nb-20Ta alloy decreases to 2.5% along the ½011 direction. On the other hand, the addition of Zr causes a little effect on the transformation strain: the transformation strain along the ½011 direction decreases to 7.5% by the addition of 20 at.% Zr. Figure 4 shows the composition dependences of the transformation strain along the [011] direction, which is the crystallographic orientation representing the largest transformation strain, of the Ti-Nb-Zr and Ti-Nb-Ta ternary alloys [49] . Figure 4 also shows the compositions exhibiting shape memory effect and superelasticity, marked by open circles and solid circles, respectively. It can be seen that the superelasticity occurs at room temperature in a wide composition range in both Ti-Nb-Zr and Ti-Nb-Ta alloys. It is noted that the addition of Zr as a substitute of Nb with keeping superelasticity increases the transformation strain. The transformation strain in the Ti27Nb alloy is only 2.6% but it increases about two times by the addition of 18 at.% Zr. Furthermore, a large transformation strain (more than 7%) is expected in the alloys with high Zr content (more than 30 at.%). On the other hand, the increase of Ta content in Ti-Nb-Ta alloys with keeping superelasticity decreases the transformation strain. The transformation strain decreases to 1.7% in a Ti-19Nb-10Ta alloy and 1.2% in a Ti-13Nb-20Ta alloy. This opposite effect of Zr and Ta on the transformation strain at the composition exhibiting superelasticity is due to the different effects of alloying elements on transformation temperature and lattice distortion strain.
The effects of alloying elements on the b-a 00 martensitic transformation temperature (M s ) and transformation strain along the ½011 direction in Ti-Nb alloys are summarized in Table 1 [3] . Alloy compositions showing superelasticity at RT are also shown in Table 1 . For the Ti-Nb binary alloys, M s decreases with the increasing Nb content with a slope of about -40 K/at.% and the superelasticity is observed at the composition of Ti-(26, 27)Nb. As the Nb content increases, the transformation strain decreases with a slope of -0.34%/at.% until it reaches 2.6% at the superelastic composition of Ti-27Nb. All alloying elements reported in literature reduce M s and transformation strain of Ti-Nb alloys. The addition of Ta decreases M s and transformation strain of a Ti-22Nb alloy by 30 K/at.% and by 0.28%/at.%, respectively, resulting in a smaller transformation strain at the superelastic composition (Fig. 4) . The addition of Zr in the Ti-22Nb alloy also decreases M s and transformation strain by 35 K/at.% and 0.13%/at.%, respectively. It is noted that the addition of Zr has a weaker effect on the transformation strain, while it decreases the transformation temperature with a similar effect as Nb. As a result, the increase in the Zr content as a substitute of Nb while maintaining the same transformation temperature increases the transformation strain in agreement with the experimental observations (Fig. 4) [49] . Mo has strong decreasing effects on both the transformation temperature and transformation strain, but the impact on the Fig. 3 Orientation dependence of the calculated transformation strain of Ti-10Nb, Ti-10Nb-20Ta, and Ti-10Nb-20Zr alloys transformation temperature is much stronger. Therefore, the addition of Mo as a substitute of Nb, while keeping the same transformation temperature, also increases the transformation temperature. The effect of Mo on the transformation strain has also been confirmed by the experiments [16] . Figure 5 shows the Nb content dependence of the transformation strain along the ½011 direction for Ti-Nb and Ti-Nb-1Mo alloys [16] . When comparing the transformation strains of Ti-22Nb and Ti-19Nb-1Mo alloys, which exhibit a similar transformation temperature, it is clear that the substitution of 1 at.%Mo for 3 at.%Nb increases the transformation strain. Thus, the addition of Mo can increase the transformation strain at the superelastic compositions. The additions of Pt and Al show similar effects in increasing the transformation strain at superelastic compositions [10, 17, 52] . The addition of Sn remarkably reduces the transformation temperature: the increase in 1 at.%Sn reduces the transformation temperature by 150 K [6] ; however, quantitative information on the transformation strain has not been reported yet. It has also been reported that the 3d transition metal elements such as Cr, Fe, Co, Ni, and Cu, which are strong b stabilizers, decrease the transformation temperature of Ti-Nb base alloys [53, 54] . The addition of Ga and Ge also decreases the transformation temperature of Ti-Nb-based alloys [55] . However, there have only been limited efforts to examine the transformation temperature and transformation strain quantitatively. 
Interstitial Alloying Elements
The interstitial alloying elements such as O and N have attracted attention not only due to strengthening effect but also due to their significant effect on the martensitic transformation and deformation behavior of Ti-Nb alloys. Figure 6 shows the effect of oxygen addition on the shape memory properties of Ti-Nb alloys. The Ti-Nb binary alloys exhibit superelastic recovery at room temperature when the Nb content is 26-27 at.%. The Ti-(20-25)Nb alloys exhibit shape memory effect: the residual strain is recovered upon heating up to 500 K. For the Ti-Nb-1O alloys, superelastic recovery is observed in the alloys with a lower Nb content, i.e., 22-24 at.%, indicating that O suppresses the martensitic transformation. It is suggested from the results of Fig. 6 that the effect of the addition of 1 at.%O on the martensitic transformation temperature is equivalent to that of 4-5 at.%Nb, implying that the martensitic transformation temperature decreases by 160-200 per 1 at.% O. The increase in the O content changes the mechanism of superelasticity. Figure 7 shows the effect of the O content on the stress-strain curves during a loading-unloading cycle with a maximum strain of 1.5% for the Ti-23Nb-2Zr-0.7Ta-xO alloys [58] . The 0.3O alloy shows superelasticity with a distinct change in slope on the stress-strain curve and stress hysteresis. As the O content increases, the apparent yield stress increases and the change of slope of the stress-strain curve after the pure elastic region becomes unobvious. Furthermore, the stress hysteresis becomes narrower with the increasing O content and the 1.5O and 1.8O alloys exhibit nonlinear elastic behavior with negligible hysteresis. The in situ XRD profiles show that the superelastic mechanism of the alloy with a higher O content is fundamentally different from that of the alloy with a lower O content. The in situ XRD profiles of the 0.3O alloy clearly show that the superelasticity is associated with the stress-induced martensitic transformation from b to a 00 and its reverse transformation. By contrast, the in situ XRD profiles of 1.5O alloy show that no clear martensitic transformation occurs upon loading. It can only be seen that the 211 b peak shifts toward a higher 2h value and became broader with increasing applied strain, implying that the degree of lattice distortion gradually increases with increasing applied stress. The suppression of the long-range martensitic transformation by the addition of O has also been confirmed by DSC analysis and microstructure observation [56, 59, 60] . It has been elucidated that the suppression of the long-range martensitic transformation by the addition of O is due to the nanosized lattice modulation (nano-domain) structure produced by local strain fields of interstitial O atoms [56, 59] . The anomalous behavior of thermal expansion, i.e., Invar-like behavior in Gum metal, has been successfully explained by a nano-domain structure which is governed by the concentration of oxygen, the stability of b phase, and applied stress [61, 62] .
The addition of N also suppresses the long-range martensitic transformation of Ti-Nb-based alloys. It has been reported that the addition of 1 at.% N to Ti-Nb-based alloys decreases the martensitic transformation temperature by 160-200 K [15, 32] . The addition of N has been found to improve the superelastic properties of Ti-Nb-based alloys. Figure 8 shows the stress-strain curves of Ti-27Nb and Ti-23Nb-1N alloys obtained from the strain increment cyclic tensile tests at room temperature. Both alloys exhibit double-yielding behavior: the first yielding occurs at similar critical stresses which induce martensitic transformation, while the second yielding occurs at different stresses causing plastic deformation. The Ti-27Nb alloy exhibits superelasticity with a maximum recovery strain of 2.0% including both superelastic recovery strain and elastic strain. The small recovery strain of the Ti-27Nb alloy is not only due to the intrinsic small transformation strain but also because of its low critical stress for plastic deformation. The Ti-23Nb-1N alloy shows a larger recovery strain 
Ti-27Nb
Ti-23Nb-1N Fig. 8 Stress-strain curves of Ti-27Nb and Ti-23Nb-1N alloys obtained from the strain increment cyclic tensile tests at room temperature of 3.6% mainly because of the higher critical stress for plastic deformation as clearly shown in Fig. 8 . The addition of N gives another advantage in increasing the intrinsic transformation strain because superelasticity occurs at lower Nb content in the N-added alloys. On the other hand, B exhibits a small effect on the shape memory properties of Ti-Nb-based alloys mainly due to the limited solubility in b phase. Within the solubility limit, the addition of B decreases the martensitic transformation temperatures remarkably with a slope of -350 K/at.%B [57] , which is much stronger than those of O and N. However, the solubility of B in the b phase is only about 0.1 at.% and the excess B forms a coarse TiB intermetallic compound. Similarly, the limited solubility limit of C in the b phase also results in a weak effect on the shape memory properties of Ti-Nb-based alloys [63] .
Omega Phase
The addition of Zr or Mo in replacement of Nb is an effective way to increase the transformation strain of TiNb-based alloys. However, the decrease in the Nb content accelerates the formation of the x phase. It has been acknowledged that there are two types of x phases, i.e., athermal and thermal x phases. The athermal x phase has received great attention due to its anomalous electrical properties. Recently, it has been reported that the athermal x phase strongly affects the martensitic transformation behavior and shape memory properties of b-Ti alloys [35, 64] . Figure 9 shows the comparison of test temperature dependence of shape memory properties of Ti-27Nb and Ti-18Nb-3Mo alloys. Both alloys exhibit superelasticity at room temperature (298 K) [64] . A solid-headed arrow indicates the critical stress for inducing martensitic transformation from b to a 00 . For the Ti-27Nb alloy, the critical stress for inducing martensitic transformation decreases with the decreasing test temperature, which is consistent with the Clausius-Clapeyron relationship of the stress-induced martensitic transformation. On the other hand, for the Ti-18Nb-3Mo alloy, the critical stress for inducing martensitic transformation increases with the decreasing test temperature. This opposite temperature dependence of critical stress for inducing martensitic transformation in the Ti-18Nb-3Mo alloy can be explained by the competition between the b-x transformation and the b-a 00 transformation. The Ti-18Nb-3Mo alloy has a strong tendency to form athermal x phase upon cooling. The formation of athermal x phase hinders the martensitic transformation from b to a 00 and raises the critical stress for inducing martensitic transformation. It is noted from Fig. 9 that the stress hysteresis increases with the decreasing test temperature in the Ti-18Nb-3Mo alloy. This is because the stress for reverse transformation from a 00 to b decreases with the decreasing test temperature for both alloys, indicating that the effect of the athermal x phase is weak during the reverse transformation from a 00 to b. This has been suggested to be due to the fact that the x phase transforms to the a 00 phase along with the b phase. However, a detailed mechanism of the transformation between the x phase and the a 00 phase has not yet been clarified. The increase in the stress hysteresis leads to the deterioration of superelastic properties. Some alloying elements, particularly Al, Sn, and O, have been reported to be effective in suppressing the formation of the athermal x phase [38, 65, 66] . Figure 10 shows the stress-strain curves of Ti-15Nb-3Mo-(0-1.5)Sn alloys [38] . It is very evident that, with increasing Sn content, the critical stress for inducing martensitic transformation decreases and the stress hysteresis becomes narrower. The suppression of the athermal x phase leads to the increase in superelastic recovery strain.
Texture
Texture is one of the most important microstructural factors because the transformation strain is highly anisotropic. The Ti-27Nb alloy, which exhibits superelasticity in the binary Ti-Nb system, exhibits a strong {100}h011i texture in the asrolled state and a {211}h011i texture after recrystallization.
The recrystallization texture of {211}h011i has been also reported to form in Ti-22Nb-6Ta [20] and Ti-24Nb-3Al [67] , which have relatively large amounts of Nb. As mentioned previously, the transformation strain due to the martensitic transformation from b to a 00 is maximized along the direction of [011]. Therefore, both the cold rolling texture and the recrystallization texture are advantageous for superelastic properties, particularly for increasing recovery strain. However, the decrease in the Nb content, in order to increase the transformation strain, causes the change of the recrystallization texture. Figure 11 shows / 2 = 45°sections of orientation distribution function (ODF) of Ti-18Zr-15Nb, Ti-18Zr-13.5Nb-1Sn, Ti-18Zr-12.5Nb-2Sn, Ti-18Zr-11Nb-3Sn, and Ti-18Zr-9.5Nb-4Sn alloys solution-treated at 1173 K for 1.8 ks after cold rolling with a reduction ratio Fig. 11 Orientation distribution function (ODF) of Ti-18Zr-15Nb, Ti-18Zr-13.5Nb-1Sn, Ti-18Zr-12.5Nb-2Sn, Ti-18Zr-11Nb-3Sn, and Ti18Zr-9.5Nb-4Sn alloys solution-treated at 1173 K for 1.8 ks Shap. Mem. Superelasticity (2016) 2:380-390 387 of 98.5% [42] . The Ti-18Zr-15 Nb alloy exhibits a weak recrystallization texture with a major component close to {211}h120i. This is probably due to a different deformation texture, which is associated with deformation behavior; however, no clear explanation has been reported regarding the effect of alloy composition on the deformation texture. This weak texture is not preferable for a lager transformation strain. On the other hand, the Sn-added alloys exhibit a very strong recrystallization texture of {100}h011i, which produces the largest transformation strain along the rolling direction. The improvement of superelastic properties is confirmed by cyclic tensile tests as shown in Fig. 12 [42] .
Concluding Remarks
Recent researches have provided important insight into the understanding of the effect of alloying elements on the microstructure, martensitic transformation behavior, and superelastic properties of Ti-Nb alloys. It has been well documented that the superelastic properties of Ti-Nb alloys can be markedly improved by the addition of alloying elements. Zr is the most effective alloying element in increasing the superelastic recovery strain because the addition of Zr in replacement of Nb decreases the transformation temperature but has a relatively weak impact on the transformation strain. Mo is also effective to increase the transformation strain if it is added while maintaining the same transformation temperature. On the other hand, the decrease in the amount of b phase stabilizing elements facilitates the formation of x phase causing detrimental effects on the superelastic properties. The addition of Sn is effective for suppressing the formation of x phase. As a result, it is proposed that Ti-Zr-Nb-Sn and Ti-Zr-Mo-Sn alloys are promising candidates for practical biomedical superelastic alloys. For example, it has been reported to exhibit a large recovery strain of about 7% in Ti-24Zr-10Nb-2Sn and Ti-Zr-1.5Mo-3Sn alloys. Texture is one of the important factors to determine the superelastic properties. Not only the deformation texture but also the recrystallization texture is changed by the alloying element. However, much remains unclear about the effect of alloying element on the texture development of Ti alloys.
Interstitial alloying elements such as oxygen and nitrogen Fig. 12 Stress-strain curves obtained from cyclic tensile tests of Ti-18Zr-xNb-ySn alloys: a Ti-18Zr-15Nb, b Ti18Zr-13.5Nb-1Sn, c Ti-18Zr-12.5Nb-2Sn, d Ti-18Zr-11Nb-3Sn, and e Ti-18Zr-9.5Nb-4Sn and f the measurement scheme of superelastic properties have attracted particular attention because of many unique properties such as larger elastic strain, invar-like behavior, and nonlinear elastic behavior. In addition, the interstitial alloying element is very effective in increasing the critical stress for plastic deformation and improving the superelastic properties. Although there still remains a lack of quantitative research, Ti-based superelastic alloys are expected to expand the application fields of shape memory alloys.
